Nonlinear analysis of anisotropic structures is described by using Hill's yield criterion that anisotropic yield contour is assumed to be retained its shape during the hardening process. Nonlinear constitutive equation of anisotropic material is derived using plastic potential concept. Linear strain hardening model is utilized and forward Euler method is employed as a stress integration method. Newton-Raphson method is implemented for numerical nonlinear analysis. Direct differentiation method differentiating directly the equilibrium equation with respect to design variables is applied to design sensitivity analysis of nonlinear anisotropic plate. The results of design sensitivity analysis are compared with those of finite difference method to verify the accuracy. Optimization is accomplished for a rectangular plate using evaluated sensitivity coefficients.
INTRODUCTION
Use of an anisotropic material is significantly increased in aerospace, automotive and marine industry to achieve the lightweight design. Although the industrial applications of the anisotropic structures are rapidly increasing, realistic simulation and design models are rarely found in this field. One of the first treatments of plastic flow for anisotropic materials was suggested by Hill [1] . Hill has assumed an anisotropic yield criterion to be quadratic in the stress components which can be reduced to the classical von Mises criterion if the anisotropic strength properties are small enough. Valliappan and his coworkers have presented an elasto-plastic finite element analysis of anisotropic work-hardening materials based on the extension of the Hill's von Mises yield criterion [2] . Other application of the Hill's criterion including hardening effects is proposed by Owen and Figueiras who have considered the analysis of anisotropic plates and shells [3] . In design sensitivity analysis for nonlinear problems, Ryu and Arora have accomplished design sensitivity analysis and optimization for truss structures utilizing total Lagrangian formulation and update Lagrangian formulation [4] . Kleiber have considered elasto-plastic material model with isotropic/ kinematic hardening as well as two visco-plastic model and performed design sensitivity analysis [5] .
In this research, nonlinear analysis is accomplished for anisotropic plate using Hill's criterion. Design sensitivity coefficient is evaluated using direct differentiation method and optimization result is obtained considering nonlinear effect. Through these researches, we propose an optimum design procedure for anisotropic nonlinear structure to achieve a light weight structure within required strength.
ANISOTROPIC ELASTO-PLASTIC FINITE ELEMENT ANALYSIS
Hill's anisotropic yield criterion for general three-dimensional case can be written as 
where and ij represent reference yield stress and dimensionless anisotropic parameters, respectively, and the subscripts 1, 2, and 3 refer to the directions of the three principal axes of anisotropy. Anisotropic parameters can be determined from yield stress in various directions, which is obtained from independent tests. These parameters are obtained by successively allowing all stress components to be zero in the yield function, except for the one under consideration. From a uniaxial test in 1 direction, we obtain 
For a work-hardening material, the uniaxial yield stresses are varied with increasing plastic deformation, and therefore the anisotropic parameters should be also changed. But in this research, for the simplicity of analysis, we assume the anisotropic parameters remain constant during plastic deformation. This assumption leads the yield surface to expand retaining its shape.
810
Advances in Fracture and Failure Prevention
In the incremental theory of plasticity the total strain increment d is decomposed into elastic and plastic parts as follows:
The elastic strain increment is proportional to the stress increment by the inverse of the elasticity matrix D and the plastic strain increment can be obtained considering yield function as plastic potential. That is,
where d and a denote plastic multiplier and flow vector, respectively. For work-hardening material, the differential form of yield function can be written as In Newton-Raphson method using tangent stiffness matrix, incremental equilibrium equations for the elasto-plastic materials at an iterative step i can be written as,
where ) (i T K , R and ) (i F present the tangent stiffness matrix, external force and internal force, respectively. The internal force is assembled by the internal force of each element that calculated using the total stress ) (ï at the iterative step i as, where B is the strain-displacement matrix and J is the Jacobian matrix for isoparametric mapping. When forward-Euler procedure is adopted as a stress integration method, the internal force can be written as following form, where i e is the effective stress of stress i and is the reference yield stress. It is necessary to check if the yielding begins at a Gauss point during iterative step as follows: 
SENSITIVITY ANALYSIS OF ELASTO-PLASTIC ANISOTROPIC MATERIAL
To derive sensitivity analysis equation in nonlinear analysis, we first consider final equilibrium equation which is represented by external force and internal nodal force as follows:
where b is the design variable and U is the nodal displacement. Differentiating Eq. (16) with respect to the design variable b , we can obtain
In general, since the external force is independent of design variable b , the differential term of external force R is vanished. In Eq. (17), because the partial derivative of F with respect to U means the tangent stiffness matrix, the sensitivity equation can be developed finally,
is known as the pseudo-load. Note that in Eq. (18)
are the quantities at the final deformed state and Eq. (18) is linear. If the tangent stiffness matrix is used for nonlinear analysis, we need not to recalculate T K . Therefore, if we calculate the right-hand side of Eq. (18), the displacement sensitivity coefficient is evaluated in the same way as the linear analysis.
The pseudo-load of Eq. (18) can be written by differentiating Eq. (13) with respect to b, 
Then the sensitivity analysis equation of stress is developed by differentiating stress expression directly as follows: 
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PROBLEM DEFINITION AND OPTIMIZATION
The typical anisotropic material is composite with different material properties in orthotropic direction. Generally, the number of fiber, ply angle and stack sequence are important design factors in composite design to improve the strength and stiffness. In this research, Young's moduli in orthotropic direction are chosen as design variables because they are proportional to the number of fibers that are embedded into composite. And the cost function may be the mass of composite. If the mass is assumed to be proportional to the summation of the number of fibers, we can formulate the optimization problem as follows.
The finite element model considered in this study is the orthotropic plate under concentrated load as shown in Fig. 1 The yield positions at Gauss point are presented in Fig. 2 . The sensitivity coefficients of the nodal displacement are compared with these obtained by finite difference method as given in Table  1 . As the table indicates, the developed design sensitivity analysis provides quite accurate sensitivity coefficients up to yield region. In general, the design of the composite structure should satisfy design constraint that the maximum stress of the structure is less than the yield strength of fiber. In this research, however, to include post-yielding behavior of composite material, we expand the limit of design constraint into 1 . 1 . It means that this design can allow up to 10% yielding of yield strength. Thus, in this optimization problem, the design constraint now becomes ) ( 33 max Mpa . The optimization of Eq. (21) is carried out by using IDESIGN [6] and the results are summarized in Table 2 . 
CONCLUDING REMARKS
Design sensitivity analysis for anisotropic elasto-plastic structures is performed by using direct differentiation method. The proposed sensitivity analysis technique can be applied both linear and nonlinear structures. The results of design sensitivity analysis are quite accurate. Optimization problem for the lightweight composite structures is proposed. Whole optimization procedure of a simple composite structure is carried out to provide the insight of optimum design.
